Introduction
The electrical properties of partially saturated tuff provide information about the microstructure of the matrix and how water is distributed within the pore space as the material undergoes saturation and desaturation cycles. Understanding electrical properties as a function of saturation and temperature is also important because the determination of water saturation during field tests and laboratory experiments depends on reliable laboratory data. Spatial distribution and temporal variation of moisture content in the rock mass in the repository horizontal is one of the most important parameters needed in order to understand coupled TMHC processes. Geophysical methods are required to determine the moisture content in rock masses during thermal tests.
These data are currently used in the inversion of electrical resistance tomography (ERT) and ground penetrating radar (GPR) measurements at the LBT, SHT, and the DST tests. This paper contains a description of the experimental procedure, sample preparation, data collection, and data analyses for tuff samples from the ESF.
Measurements were made at 35, 50, and 70°C. Additional measurements at 95°C are in progress. The range of saturation varied from 0 to near 100%. A paper describing procedures and previous work was presented at the 1994 International High Level Radioactive Waste Management Conference (UCRL-JC-114784). Previous electrical properties of tuff from several NTS boreholes as functions of saturation and temperature are reported by Roberts and Lin (1997) . This paper also discusses the frequency dependence of impedance measurements and how the observed electrical responses might relate to microstructure and other transport properties.
Experimental Procedure
A detailed description of the experimental procedure is found in Lin (1994 and 1997) .
Briefly, electrical resistivity and dielectric permittivity were measured as a function of frequency (10 -3 to 10 6 Hz). Measurements made over a range of frequency verify measurements made at a single frequency and provide additional information about conduction mechanisms and microstructural parameters. Resistivity measurements are reported for one frequency, 1 kHz, as this frequency was determined to be free of electrode contamination (contact impedance) and represents the electrical properties of the material. Dielectric permittivity measurements are reported at 1 MHz, the highest frequency of our measurement.
Samples were prepared from cores obtained from chemistry boreholes (CHE-6, CHE-7, CHE-10). Samples with obvious large cavities and inhomogeneous inclusions were avoided. The porosity of each sample was determined by subtracting the dry density from the saturated density and dividing by the water density. Table 1 shows the sample ID, borehole, depth, wet and dry densities, and properties of the samples used. Average properties are listed at the bottom of the table; the average porosity is 9.6±1.8%. The samples are disk-shaped, with a diameter to thickness aspect ratio of ≥10:1 (dime shaped). The diameter of the samples is ~5.1 cm. All samples were prepared with the bedding direction perpendicular to the direction of measurement.
Measurements began on samples that were dry. Water from well J-13 was added to the samples in small amounts and allowed to distribute throughout the sample. The length of time for this to occur was typically 3 to 4 hours as verified by examining the resistivity of a sample as a function of time. Saturations were determined by weighing the samples immediately after electrical measurements were completed. Each sample was placed in a custom built holder made of Lucite or Lexan and separated from the atmosphere by an o-ring seal. Despite these precautions, water was sometimes lost from samples when measurements at relatively high saturations were attempted at 50 and 70°C. The holders were placed in a standard oven and allowed time to equilibrate to the temperature (typically overnight). Temperature was measured at three points inside the oven using type J thermocouples placed in aluminum blocks. The temperatures were the same at each point to within +/-3°C, but were usually within +/-1.5°C.
Upon reaching maximum saturation, the drying portion of the measurements began. During the drying phase, samples were air dried or dried in an oven at 35°C. The maximum saturation achieved was between 95 and 100%. Some sample damage in the form of chipping and cracking occurred because of the cooling and heating that was necessary when a sample was taken out of the oven, removed from its holder, weighed, saturated/dried, and placed back in its holder and into the temperature controlled oven. Samples were reshaped when necessary and the holders modified to accept the new shape. Samples were no longer used when it was determined that the electrical properties measurements were unreliable.
Results and Discussion
Resistivity as functions of saturation and temperature. The electrical resistivity at 35°C as a function of saturation is plotted in Figure 1 . Only the drying curve is shown for 35°C, but both wetting and drying are plotted for 50 and 70°C, which are shown in Figures 2, 3 , 4, and 5. This type of resistivity saturation dependence is similar to that observed for other tuff samples. For all temperatures the dry resistivity is between 10 7 and 10 8 Ωm, and drops rapidly to between ~ 3000 and 1000 Ωm (depending on temperature) as saturation increases. This is interpreted as an indication that the adsorption of water and surface conduction dominates this region of saturation.
At ~30% saturation there is a change in slope of log σ versus saturation. Between 30 and 100% saturation the resistivity decreases by 1/2 to one order of magnitude.
A small amount of hysteresis is observed between wetting and drying cycles. There are small increases in resistivity during the wetting phase is observed, similar to previous measurements utilizing distilled water as the saturating fluid (Roberts and Lin, 1997) . The minimum resistivity in these cases occurs near 80% saturation. Possible reasons for this minimum are discussed in Roberts and Lin (1997) .
Dielectric permittivity as functions of saturation and temperature. The dielectric permittivity is plotted in Figures 6 through 10 and displays features similar to those seen in the resistivity vs.
saturation plots. At low saturations the curves are insensitive to temperature. The dry samples all have a dielectric constant of between 5 and 6. At 35°C the near saturated sample has a range of values between 22 and 26. This range of dielectric permittivity values at one temperature is fairly typical above ~40% saturation for all temperatures. The scatter in the data increases as temperature increases, and is particularly bad for the 70°C wetting cycle above ~60% saturation. It is not known why this run shows this scatter. One possible explanation is that capacitance measurement noise at the highest frequencies of measurement (up to 1 MHz) increases with temperature.
Future work
Measurements at 95°C are in progress. Additional samples are being machined to replace chipped and cracked samples. Measurements performed at 95°C on the newer samples that have not previously been subjected to repetitive saturation/desaturation cycles and heating/cooling cycles at 40 and 65°C will provide information concerning how important sample history is to these measurements, and how much these cycles change the surface properties of the tuff.
The results will be analyzed in terms of existing mixing model theory and we will attempt to establish relationships that will predict saturation based on electrical properties for the use in geophysical inversions of field data. Upon completion of the 95°C data set, we will attempt to establish relationships describing the temperature dependence of resistivity at specific saturations.
Water distribution and wetting behavior as a function of saturation will be studied further. 
